Cochlear frequency selectivity in lower vertebrates arises in part from electrical tuning intrinsic to the sensory hair cells. The resonant frequency is determined largely by the gating kinetics of calcium-activated potassium (BK) channels encoded by the slo gene. Alternative splicing of slo from chick cochlea generated kinetically distinct BK channels. Combination with accessory ␤ subunits slowed the gating kinetics of ␣ splice variants but preserved relative differences between them. In situ hybridization showed that the ␤ subunit is preferentially expressed by low-frequency (apical) hair cells in the avian cochlea. Interaction of ␤ with ␣ splice variants could provide the kinetic range needed for electrical tuning of cochlear hair cells.
Cochlear frequency selectivity in lower vertebrates arises in part from electrical tuning intrinsic to the sensory hair cells. The resonant frequency is determined largely by the gating kinetics of calcium-activated potassium (BK) channels encoded by the slo gene. Alternative splicing of slo from chick cochlea generated kinetically distinct BK channels. Combination with accessory ␤ subunits slowed the gating kinetics of ␣ splice variants but preserved relative differences between them. In situ hybridization showed that the ␤ subunit is preferentially expressed by low-frequency (apical) hair cells in the avian cochlea. Interaction of ␤ with ␣ splice variants could provide the kinetic range needed for electrical tuning of cochlear hair cells.
Acoustic analysis begins with the discrimination of individual frequency components within the cochlea. The sensory hair cells contribute to frequency selectivity through combinations of electrical and mechanical feedback whose relative importance differs among vertebrate species. For the low-frequency hearing of the turtle, electrical tuning of hair cells provides most of the filtering (1). This mechanism depends on the interplay between voltage-gated calcium channels and large-conductance calcium-activated potassium (BK) channels (2, 3) . A 30-fold variation in BK channel kinetics determines the tuning frequency between 50 and 600 Hz (4) . BK channels are encoded by the slo gene in chick hair cells (5) , where they also support electrical tuning (6) . It has been proposed that alternative splicing of the slo gene could provide the functional heterogeneity of hair cell BK channels, and numerous alternative exons of slo have been cloned from chick and turtle cochleas (5, (7) (8) (9) . However, previous expression of several splice variants revealed little or no difference in steady-state or kinetic parameters (8, 10) . We have since identified an alternative 183-base pair (bp) exon (AF076268) in chick hair cells [at splice site 2, hslo numbering (11) ] that is identical to an exon cloned from the turtle cochlea (9) and is homologous to the Strex-2 exon from rat adrenal chromaffin cells (12) . When this 61-amino acid exon was spliced into a fulllength chick slo cDNA (cSlo1-U23821) (13), the encoded channels were kinetically distinct from the exonless form and were more calcium-sensitive. Furthermore, coexpression of these variant slo channels with accessory ␤ subunits exaggerated their kinetic differences but diminished differences in calcium affinity. Channels were studied by transient transfection of HEK 293 cells (14) . ␣ 61 (the exon-added ␣ variant) and ␣ 0 (cSlo1) (5) were examined by voltage-clamp analysis of excised inside-out patches exposed to different concentrations of calcium (15) . Currents flowing across patches expressing either ␣ 0 or ␣ 61 in 5 M calcium are overlaid for comparison in Fig. 1A . Tail current deactivation rates were consistently slower for ␣ 61 . The average deactivation time constants for a range of voltages in 5 M calcium are shown for these two splice variants in Fig. 1B . On average, ␣ 61 decayed 2.5 times more slowly than did ␣ 0 (similar results were obtained in Ca 2ϩ concentrations ranging from 1 to 20 M).
The voltage dependence of the channel was determined by measurement of the steady-state current amplitude as a function of the command voltage ( voltage in cSlo channel gating. As calcium concentration rose, the channels activated at more negative membrane potentials. The resulting V 1/2 versus calcium plot for ␣ 0 and ␣ 61 (Fig. 1D) shows that addition of the 61-amino acid exon caused a negative shift, equivalent to an increase in the channel's calcium sensitivity. These steady-state effects along with the slowing of deactivation rate were similar to those reported for the Strex-2 slo variant in adrenal chromaffin cells (12) .
␤ subunits combine with and alter the calcium affinity and gating kinetics of mammalian slo-␣ channels (17) , raising the question of whether avian hair cell slo behaves similarly. A presumptive quail slo-␤ (18) (U67865) was obtained and was coexpressed by mixture with cSlo-␣ cDNA before the transfection of HEK 293 cells (19) . Combination of ␣ 0 with ␤ resulted in BK channels that had prolonged deactivation kinetics ( Fig.  2A) (20) . Decay time constants were more than 10 times larger with ␤ addition. Combination with ␤ also affected the steady-state gating parameters. The V 1/2 of ␣ 0 ␤ in 5 M calcium was more than 50 mV negative to that of ␣ 0 alone (Fig. 2B) . Similar effects were seen when slo-␤ was combined with ␣ 61 . Again, tail decay times were prolonged (Fig. 2C) , and half activation occurred at more negative membrane potentials (Fig.  2D) . These effects were observed at calcium concentrations from 1 to 20 M.
The effects of ␤ coexpression on these ␣ splice variants are summarized in Fig. 3 . Coexpression with ␤ subunits greatly prolonged the deactivation time of both cSlo-␣ splice variants but preserved and even exaggerated kinetic differences between the variants. ␣ 61 ␤ was five times slower than ␣ 0 ␤, compared to the 2.5-fold kinetic difference between ␣ subunits alone. It appears that ␤ coexpression acts to amplify intrinsic kinetic differences between the ␣ subunits, providing more than a 50-fold range in deactivation kinetics between ␣ 0 and ␣ 61 ␤. A still greater range of kinetic variability may be provided by other splice variants that have been described but remain to be characterized (7-9). For instance, it is expected that faster ␣ forms will be required to match the fastest BK channels observed in turtle hair cells (4) .
In addition, it should be noted that the ␣ 61 ␤ combination had even greater calcium sensitivity and slower kinetics than are found in turtle hair cell BK channels. This raises the possibility that the saturation of ␣ 61 with ␤ produced channels that might not be found naturally in hair cells. Further insight into ␤ modification of slo channels is derived from consideration of its effects on steady-state parameters. Combination of ␣ subunits with slo-␤ decreased the K D (the calcium concentration needed to open half the channels at 0 mV) (Fig. 3) (21) . When channel gating depends on both voltage and calcium, an increase in the calcium affinity of the channel's open state, relative to that of the closed state, could provide the slower deactivation and left-shifted voltage sensitivity seen with ␤ coexpression.
Coexpression with ␤ subunits exaggerated the kinetic differences among BK channels but minimized variations in calcium binding. The net effect was to give expressed channels the appearance of native BK channels whose kinetics, but not calcium affinity, vary with hair cell tuning (4) . Additional support for the role of slo-␤ in hair cells was obtained with the use of reverse transcriptase polymerase chain reaction (RT-PCR) to amplify it from the quail cochlea (22) . The expression pattern of slo-␤ in hair cells was examined with in situ hybridization (23) , which revealed that slo-␤ mRNA was found particularly in apical (low-frequency) hair cells of the basilar papilla (Fig. 4) . This is consistent with the hypothesis that ␤ subunits combine with slo-␣ to produce low-frequency tuning (24) . A further prediction is that some ␣ splice variants, such as ␣ 61 , would experience lesser modulation by ␤ if their expression were restricted to basal regions of the cochlea.
The present results show that ␤ coexpression extends the kinetic range of cSlo-␣ splice variants whose intrinsic gating differs only modestly. Thus the combination of alternative splicing and ␤ modulation may provide a molecular basis for the functional heterogeneity of BK channels that supports electrical tuning. Only two slo-␣ splice variants and the fastest deactivation rate, whereas ␣ 61 ␤ has the highest affinity for Ca 2ϩ and the slowest deactivation rate.
were studied here, and other alternate exons (7-9) may provide still further variation. Also, additional ␤ subunits, as yet unknown, could provide still other forms of modulation to hair cell channels. The challenge remains to match particular channel proteins to the functional properties of an identified hair cell. Finally, the impressive conservation of channel function among the hair cells of amphibia, reptiles, and birds raises expectations that related molecular mechanisms will be found in the mammalian cochlea, where developmental changes in hair cell excitability (25) parallel the embryonic acquisition of BK channels in chick cochlear hair cells (26) . In several organisms, the success of a male's sperm in multiply inseminated females depends on the male's genotype. In Drosophila, the female also plays a role in determining which sperm are successful. Pairwise tests among six isogenic lines of Drosophila melanogaster were performed to determine whether there is a genotype-specific interaction in the success of sperm. The success of a particular male's sperm was found to depend on the genotype of the female with which he mates, providing evidence for an interaction with profound evolutionary consequences.
Males and females face very different problems in trying to assure that their gametes are used maximally. Males that can co-opt females into using their sperm are at an advantage over other males. Ignoring the complexities of mating behavior, there is an enormous opportunity for variation in the success of different males' sperm in multiply mated females. Genes that give such an advantage to one male's sperm are expected to increase in the population, even if this increase causes a decline in the viability or fertility of the mother or offspring (1) . Females cannot afford to let males be the sole determinant of which gametes are used, especially if evolution in males results in deleterious consequences for the female (2-4) . 
